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ABSTRACT: Supported rhenium (Re) catalysts are emerging as promising
candidates for hydrogenation reactions, which are crucial in industrial processes
such as biomass valorization, CO2 reduction, and petroleum refining. However,
despite their broad application, the structural and mechanistic understanding of these
systems remains limited. The strong oxophilic nature of Re, combined with its ability
to adopt multiple oxidation states, complicates the characterization of the active
species even with advanced experimental techniques. In this study, we employ density
functional theory calculations, alongside ab initio thermodynamic analysis, to
systematically explore the structural and electronic properties of single-atom Re
catalysts on a TiO2 surface, providing insights that could inform the rational catalyst
design. Our calculations reveal the formation of stable Re polyhydrides on the surface
under hydrogen-rich conditions. Notably, even in highly reducing environments, Re
species with low formal oxidation states are thermodynamically unfavorable. The
stable Re species identified on TiO2 surfaces demonstrate high reactivity toward CO2 hydrogenation. The electronic properties and
computed X-ray photoelectron spectroscopy (XPS) signatures of the feasible surface species are highly influenced by the ligand
environment. This work highlights the limitation of routine interpretation of experimental XPS characterization data in terms of the
formal oxidation state.
KEYWORDS: hydrogenation reaction, supported rhenium catalysis, TiO2 surface, heterogeneous catalysis, density functional theory,
ab initio thermodynamic model

1. INTRODUCTION
Supported rhenium (Re) catalysts exhibit remarkable activity
and selectivity in hydrogenation reactions, making them
promising candidates for contemporary industrial processes
to produce value-added chemicals.1,2 They are extensively
utilized in the valorization of biomass-derived molecules
through hydrogenolysis and deoxygenation reactions (Figure
1).3 Rhenium catalysts facilitate hydrodesulfurization and
hydrodenitrogenation, crucial processes for reducing sulfur
and nitrogen impurities in the petroleum feedstock.4−6

Another noteworthy application of supported rhenium
catalysts is in cross-alkane metathesis, a key step in
polyethylene recycling processes.7,8 Recently, titanium diox-
ide-supported Re (Re/TiO2) catalysts have been reported to
outperform the industrially employed Cu/ZnO/Al2O3 catalysts
for CO2 reduction at low reaction temperature (below 200
°C).9,10 Despite these wide-ranging applications, crucial
structural and mechanistic insights, particularly regarding the
nature of the active sites, remain limited in these catalytic
systems. Detailed investigations of Re catalysts focusing on
these aspects could significantly advance and optimize their use
through rational catalyst design.

Determining the exact nature of the Re species formed on a
support is challenging. Despite the application of sophisticated
analytical methods, the structures, oxidation states, and
geometries of these species remain unclear. Depending on
reaction conditions, the active species formed on a surface can
vary in the number of Re atoms and their oxidation states as
well as their specific local environment. Most of the advanced
characterization studies point to the important role of
atomically dispersed Re on the support.11 For example, in
Re-catalyzed olefin metathesis using oxide supports such as
SiO2 and Al2O3, the active species are predominantly single-
atom Re species.12−14 Recent research has shown that the
selectivity in CO2 reduction is highly sensitive to Re catalyst
loading on TiO2 and In2O3.9,15 Characterization of these
systems revealed highly dispersed Re, with a proposed
methanol selectivity originating from isolated Re active sites.
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Similar atomically dispersed Re species were detected in
bimetallic catalytic systems for the hydrogenation of vicinal
diols, carboxylic acids, and esters.16−18

The highly oxophilic nature and multiple possible oxidation
states of Re, ranging from −3 to +7, enable flexible catalytic
speciation and unique reactivity. However, this diverse range of
oxidation states complicates the characterization of Re
catalysts, limiting a comprehensive understanding of these
species. Previous studies often proposed metallic Re0 species as
the active sites for H2 activation and hydrogenation processes.
However, most spectral analyses suggest oxidized Re species
over metallic Re. These analyses also indicate the coexistence
of multiple oxidation states, further complicating the under-
standing.19−22 For instance, in the deoxygenation of vicinal
diols to alkene, Re4+ and Re6+ species were detected on a CeO2
support via X-ray photoelectron spectroscopy (XPS).23

Multiple oxidized Re species, including Re2+, Re4+, Re5+, and
Re6+, were identified in bimetallic catalysis for ester hydro-
genation.17,24 An XPS study of a Re/TiO2 catalyst for CO2

hydrogenation showed Re0, Reδ+−Re1+, Re2+, Re4+, and Re6+

species,10 while another study proposed the existence of Re7+

species along with Re4+ and Re6+.25 These reports highlight
that despite extensive efforts, significant ambiguities remain
regarding the nature of the Re catalytic active species.

Re-based hydrogenation catalysts are synthesized mostly by
impregnation of the support by Re precursors such as Re2O7
and NH4ReO4. The resulting Re/TiO2 catalyst is prereduced
under a H2 atmosphere before employing it for the
hydrogenation reaction. This could lead to the formation of
a multitude of possible chemical combinations for active
species with varying ligands and Re oxidation states. This could
involve the reduction of oxygen ligands on Re to hydroxo,
replacement of hydroxo ligands with a hydride or reduction of
the metal center by eliminating water etc., under a H2
atmosphere (Figure 1). A detailed analysis of these systems
may lead to a better understanding of Re speciation under
relevant reaction conditions of hydrogenation reactions. In this
study, we employ density functional theory (DFT) calculations

Figure 1. Supported rhenium-catalyzed hydrogenation has a wide range of applications, including CO2 reduction, biomass valorization, and
petroleum refining. When introduced onto the TiO2 surface, the rhenium precursor can form various active sites. These include species with
different ligands at the metal center and varying oxidation states, such as metallic rhenium, oxo, hydroxo, hydride, and mixed ligand-coordinated
species.
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complimented by ab initio thermodynamic analysis (aiTD) for
the systematic analysis of feasible Re active species formed on
TiO2, one of the widely employed catalyst supports in
hydrogenation reactions. Specifically, we are interested in the
effect of different coordination environments on the electronic
structure of Re active sites.

2. COMPUTATIONAL METHODS
2.1. DFT Methods. All spin-polarized DFT calculations

were performed using the Vienna Ab initio Simulation Package
(VASP 5.4.4).26,27 The electron exchange−correlation was
represented by the generalized gradient approximation with
the Perdew−Burke−Ernzerhof (PBE) exchange−correlation
functional. The projected augmented wave method was
employed to model the ion-electron interactions for all
atoms. For Re, a GW potential was employed to achieve a
better geometry convergence. The DFT + U method was
applied to the 3d orbitals of Ti to correct the self-interaction
error in DFT, using a Hubbard U value of 3.5 eV as
recommended in the literature.28 A plane wave basis set with a
kinetic energy cutoff of 400 eV was used for all of the
calculations. The Brillouin zone sample was reduced to the Γ
point. The convergence energy threshold for each iteration was
set to 10−5 eV. Geometries were considered converged when
the forces on each atom were less than 0.05 eV Å−1. During the
iterative diagonalization of the Kohn−Sham Hamiltonian,
Gaussian smearing with a width of 0.10 eV was applied for the
population of partial occupancies.

2.2. Models. The bulk TiO2 unit cell in the phase of
anatase was fully optimized initially. The anatase form of TiO2
is known to perform as a better catalyst support due to its
higher surface area and better catalyst−support interaction and
stability.29 The optimized lattice vectors of a = 3.799, b =
3.799, and c = 9.716 with α = β = γ = 90° have a good
agreement with the experiment parameters.30 A 2 × 4 supercell
of the anatase TiO2(101) surface with a vacuum space of 15 Å
was employed in this study. The anatase TiO2(101) surface
has higher stability compared to other surfaces and is known to
promote many chemical conversions.31−36 These slab models
contained six titanium layers, with the bottom three layers
fixed while the remaining layers were allowed to relax during
geometry optimization.37 A perfect (TiO2-p) as well as defect-
containing partially reduced titania (TiO2-d) surfaces were
employed in the calculations to understand the role of defects.
A defective TiO2-d surface was created by forming an oxygen
vacancy, achieved by removing a 2-fold coordinated oxygen
(O2c) atom that connects a 5-fold and 6-fold coordinated Ti
(Ti5c and Ti6c, respectively) atom on the surface (Figure 3a).
All geometries were built manually by systematically varying
the ligands around Re for different formal oxidation states (0
to +7), and for each structure, neutral charge was assigned.

2.3. aiTD Analysis. aiTD analysis was performed to
account for the temperature and pressure effects on the
stability of different surface-active species in the presence of
hydrogen and water. Bulk Re2O7 and a bare TiO2-p/TiO2-d
support were used as the reference species in this analysis.
Water is produced during the formation of active species by
the reduction of oxygen ligands on the Re. The equilibria
established between the reference Re2O7 and different surface-
active species could be formulated by a general form as shown
in eq 1.
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The reaction Gibbs free energy at temperature T and
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The superscripts S and g in eq 2 stand for the solid and gas
phase, respectively. In this model, the vibrational and
pressure−volume contributions of solids were neglected, and
their Gibbs free energies were approximated as the
corresponding DFT computed electronic energies. The
potential impact of zero-point energy (ZPE) contributions
known for hydroxyl ligands was analyzed in selected Re
species. While the inclusion of ZPE corrections affected the
energy gaps between species, the overall energy trends
remained consistent (Figure S6 in the Supporting Informa-
tion). The chemical potential of hydrogen and water in the gas
phase depends on T and P. The H2 atmosphere is assumed to
be an ideal-gas-like reservoir and choose the reference state of
ΔμH(T,P) to be the total electronic energy of an isolated H2
molecule, i.e., the chemical potential of hydrogen at the
reference state of 0 K, = E(0 K)H

1
2 H2

, where EHd2
is the

DFT calculated total electronic energy of H2. Then, the
chemical potential of hydrogen at T and P is
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The temperature and pressure dependency of the chemical
potential is gained from the differences in the enthalpy (H)
and entropy (S) with respect to the reference state at 0 K. For
a standard pressure of 1 bar, the entropy and enthalpy values
tabulated in the thermodynamic tables were employed.38

Similarly, the chemical potential of water is calculated as

= +T P E T P( , ) ( , )H O
g

H O H O
g

2 2 2 (5)

Bringing 3 and 5 to 2, the reaction Gibbs free energy is
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where ΔE is the reaction energy defined as
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EReO H /TiOm n 2
is the total electronic energy of the active species

formed on the surface, whereas ETiO2
is the energy of the TiO2

surface. ERe O2 7
, EHd2

, and EH O2
are the total electronic energies

of bulk Re2O7, gaseous H2, and H2O, respectively. aiTD
modeling has been employed to assess the surface species
stability and shown to provide valuable insights on a wide
range of solids.39−42

2.4. X-ray Photoelectron Spectrum Prediction. XPS
simulations were carried out by using the all-electron electronic
structure program FHI-aims in which the Kohn−Sham states
are expanded as linear combinations of numerical atomic
orbitals.43−45 For the structures optimized by VASP, the Δ-
self-consistent-field (ΔSCF) method was employed to obtain
the core−electron binding energy (EB) from the difference of
two ΔSCF calculations

=E E EN NB 1,gs 1,ch

where EN−1,gs and EN−1,ch denote the total energies of the
ground state and the core-hole state of the (N − 1) electron
system, respectively. The (N − 1) ground state is the removal
of a valence electron, while the (N − 1) core-hole state is the
removal of a core electron. Herein, a core hole in the Re 4f
orbital was enforced by constraining the occupancy of a Re 4f
state in one spin channel. Details on this method can be found
in a previous report.46 When calculating EB, we used the PBE
exchange−correlation functional and the FHI-aims default
“light” basis sets. Relativistic effects were also taken into
account by the scaled zeroth-order regular approximation
(scaled ZORA).47

3. RESULTS AND DISCUSSION
3.1. Single-Atom Re Catalyst on a TiO2 Support.

Re2O7 is a stable and well-defined compound containing Re in
the highest oxidation state. We selected Re2O7 as a convenient
reference Re state to systematically investigate stability trends
in various hydrogenated and reduced TiO2-supported Re
species in this study. Prior to the catalytic reaction, the
supported oxidized Re species are subjected to a reductive
activation step under a hydrogen atmosphere that may produce
a wide variety of species on the support. This process is
accompanied by the elimination of water produced by the
reduction of oxygen ligands on the precatalytic Re species.
Multiple possible single-atom Re species ReOmHn/TiO2 with
varied formal oxidation states and chemical environments
(Figure 2) can be envisaged as the products of the reduction of
surface-supported Re2O7. This may include metallic Re, oxo
(ReOx), hydride (ReHy), and hydroxo (Re(OH)z) species or
the one with a mixed ligand environment (ReOxHy(OH)z). It
is important to note that Re species in a specific formal
oxidation state, such as Re(II), can adopt these various forms,
such as Re�O, Re(OH)2, ReH2, and Re(OH)H, by changing
the surrounding ligands. Herein, we carry out a systematic
aiTD analysis of the stabilization of such Re species on a
perfect (TiO2-p) and defect-containing partially reduced
titania (TiO2-d) surface.

In this analysis, we examine a chemical space comprising 50
distinct single Re species, each formed by varying ligand
combinations on a supported Re center with oxidation states
ranging from 0 to +7 under a hydrogen atmosphere (Figure 2).
The inclusion of reactive molecules, such as carboxylic acids
and CO2, could further expand this chemical space. Re clusters
of varying sizes might also yield active species on the support.
In addition to the partial reduction leading to oxygen
vacancies, which are explicitly considered in this study, TiO2
may also undergo minor surface restructuring during high-
temperature reductive treatment;48−51 however, these aspects
fall beyond the scope of current investigation. Our primary
focus is the influence of the ligand environment on the
chemical nature of single Re species with different oxidation
states, which have been widely proposed in the literature.

Figure 2. Various active species formed on the TiO2 surface through the systematic reduction of the Re2O7 precursor, with Re in the +7 oxidation
state. The resulting species can exhibit formal oxidation states ranging from 0 to +7. Within each oxidation state, multiple ligand combinations on
the Re center are possible.
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The geometries of various Re active species on the support
were computed by using periodic DFT methods. Detailed
reaction pathways for the formation of each species are
provided in Scheme S1 in the Supporting Information. On the
surface, Re species can adopt two distinct geometries: mono-
and bidentate binding with the surface oxygen atoms. In the
monodentate configuration, the Re center is coordinated to a
single 2-fold coordinated oxygen atom (O2c), whereas in the
bidentate structure, Re is bound to two such oxygen atoms, as
depicted in Figure 3b. Calculations indicate that the bidentate

geometry is energetically favored, with a stability advantage of
0.08 to 0.68 eV over the monodentate configuration. However,
as the coordination environment around the Re center
becomes more crowded, either due to the increased number
of ligands or the presence of sterically demanding, electron-rich
oxygen ligands, the monodentate configuration becomes
energetically preferable. For instance, while all hydrides
(ReHy) with y = 1 to 6 favor a bidentate geometry, ReH7
prefers a monodentate configuration. In the case of Re(IV)
species, most adopt a bidentate geometry, with the exception
of ReO2, which shifts to a monodentate geometry. Similarly,
among Re(V) species, ReH5 favors a bidentate configuration,
while Re(OH)H4, Re(OH)2H3, and ReO(OH)H2 exhibit
comparable energies for both mono- and bidentate forms.
Conversely, ReO2(OH) adopts a monodentate configuration.
See Tables S1 and S2 and Figures S1 and S2 in the Supporting
Information for the calculated formation energies for various
Re active species, details on conformational analysis, and
energetic comparison between mono- and bidentate geo-
metries.

3.2. aiTD Analysis. To provide insight into the nature of
active species formed under relevant reaction conditions, we
employed aiTD analysis on the DFT calculated species. The

lowest-energy conformer of each active species formed under
reducing conditions as shown in eq 1 was used to construct the
aiTD model. Under these conditions, the oxygen ligands on Re
are hydrogenated to form hydroxide, exchanged to form
hydrides, or eliminated as water. Stability of the resulting
surface species is analyzed using the aiTD model.

The results of aiTD analysis for TiO2-d model supports are
summarized in Figure 4. As the precatalyst is reduced with
hydrogen, active species formation is analyzed with respect to
the change in the chemical potential of hydrogen (ΔμH).
Under oxidizing conditions resembling the unactivated as-
prepared precatalyst, Re is stabilized on both TiO2-p and TiO2-
d supports in the oxygenated ReO3 state. Independent of the
support model TiO2-d or TiO2-p, our analysis identifies
polyhydride Re species with a formal oxidation state +5 to +7
as the most stable species in a H2-rich environment. On a
defected TiO2 surface, Re polyhydrides such as ReH7,
Re(OH)H6, ReH5, and ReH6 are found to be of lower energy
toward higher ΔμH values (−0.5 to −0.2 eV). Among these,
ReH7 is found to be the most feasible species (Figure 4a). In a
ΔμHrange of −0.72 to −0.65 eV, Re(OH)H6 is found to be the
prominent species. In the intermediate range of −0.65 to −0.5
eV, a mixture of ReH7 and Re(OH)H6 coexists.

Re species with specific oxidation states ranging from 0 to
+7 were individually analyzed further. Under oxidizing
conditions (at low ΔμH), the formation of oxygenated species
is energetically preferred across all oxidation states, following a
trend similar to that observed above. Despite the oxophilic
nature of Re, these oxygenated species are highly destabilized
in a H2-rich environment, making hydrides the most stable
species. Even under highly reducing conditions, Re species
with lower formal oxidation states are highly unfavorable. For
instance, all species with Re oxidation states from 0 to +4 are
destabilized by more than 1 eV compared to the stable hydride
species at 1 bar of H2 and 400 K. Note that an elevated
pressure of 1 bar for water is employed in these analyses to
assess whether highly oxidizing conditions would have any
significant impact. However, even under these extreme
oxidizing conditions, the energetic trends remained consistent
with those observed under a highly reducing H2 atmosphere.

As shown in eq 1, water is formed as a side product during
reduction of the Re2O7 precatalyst. Hence, the stability of
active species is also analyzed with respect to the change in the
chemical potential of water (ΔμHd2O). Under reducing
conditions, more oxygen ligands on the precatalytic Re could
be removed as water, leading to the formation of polyhydrides.
In line with this assumption, ReH7, ReH6, and ReH5 are
identified as lower-energy species at low ΔμHd2O values (below
−1.6 eV). However, as the system becomes more water-rich,
Re(OH)H6 (ΔμHd 2O range of −1.5 to −1.1 eV) and
subsequently ReO3 (ΔμHd2O higher than −1.1 eV) become
the most stable species. See Figure S3 in the Supporting
Information. This trend is attributed to the oxophilic nature of
Re. In a water-rich environment, Re−H bonds in polyhydrides
may undergo sigma-bond metathesis with water molecules to
form Re−OH bonds, which could eventually transform to form
Re−O. Therefore, an equilibrium might form in the reaction
system between Re polyhydrides, hydroxo-ligated polyhy-
drides, and oxide in humid conditions.

The results of the aiTD analysis are in line with experimental
studies proposing the existence of multiple oxidation states of
Re in the active species. In summary, a H2-rich environment

Figure 3. (a) Removal of a 2-fold oxygen 3 coordinated to titanium 1
and 2 on a perfect titania surface (TiO2-p) results in a defective
(TiO2-d) surface with an oxygen vacancy. 6-fold (1) and 5-fold (2)
coordinated Ti4+ on TiO2-p reduce to 5-fold and 4-fold Ti3+ on TiO2-
d; (b) representative surface active species Re(OH)2 in monodentate
and bidentate configuration.
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promotes the hydrogenation and hydrogenolysis of the Re
precatalyst, leading to the replacement of oxygen ligands with
hydroxides or hydrides while maintaining the high formal
oxidation state of Re. Surprisingly, in contrast to the XPS
characterizations, we do not observe Re in low formal
oxidation states. Hence, we decided to analyze the effect of

varying the chemical environment, specifically the change in
ligands, on the electronic structure of the Re species.

3.3. Charge Analysis. Bader charges52 of a few
representative Re active species adsorbed on the TiO2-d
surface were analyzed and compared with bulk Re reference
species with a well-defined structure and established oxidation

Figure 4. (a) Gibbs free energy profile for Re active species across oxidation states (0 to +7) as a function of hydrogen chemical potential (ΔμH) at
a fixed water chemical potential (ΔμHd2O) corresponding to 1 bar H2O at 800 K on the TiO2-d surface. (b) Specific Gibbs free energy profiles for
distinct Re oxidation states. (c) DFT-optimized geometries of the most stable surface-bound Re species, as determined from the aiTD analysis.
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state such as ReCl3, ReO2, ReO3, and Re2O7.53 It is observed
that the Re center becomes electron-rich as the number of
hydride ligands increases on the adsorbed species, as shown in
Figure 5a. The Re center in surface species ReH5 has a higher
positive charge than ReH6, which in turn is more positively
charged than ReH7. This trend is consistent with alternative
charge partitioning using the density derived electrostatic and
chemical (DDEC6) charges54−56 method, as shown in Table
S3 in the Supporting Information.

A comparison of Bader charges on the surface atoms of bare
TiO2-d and those with adsorbed surface species was conducted
to determine if charge transfer from the surface results in an
electron-rich Re center. However, the surface O atom where
the Re species is adsorbed became less positive than the bare
surface. The surrounding O and Ti atoms show no significant
change in charge, as demonstrated for ReH7 in Figure 5b. This
suggests that the strong donor hydride ligands effectively
enhance the electron density on Re, even though it is in a
highly formal oxidation state.

The extent of charge transfer in polyhydrides can be
envisaged by the comparable charge on Re in adsorbed
Re(CO)3 which has a formal oxidation state of 0. Interestingly,
charges on Re in ReH7, ReH6, ReH5, Re(OH)H6, and
Re(CO)3 are 1.10, 1.19, 1.32, 1.23, and 1.31, respectively,
comparable to that of bulk ReCl3 (1.27) whose formal
oxidation state is +3. The Re charge on adsorbed ReO3
(2.72), devoid of any electron-donating hydride ligand, is
comparable to that of bulk ReO3 (3.04). Although the stable
polyhydrides have a high formal oxidation state ranging from
+5 to +7, their electronic nature varies significantly from the
corresponding bulk structure, as indicated by the charge
analysis. Moreover, the most stable polyhydride ReH7 species
features comparable charge on Re to that in Re(CO)3, a
surface intermediate proposed in prior experimental studies.10

This intriguing observation prompted us to investigate the
potential XPS signatures of these diverse species.

3.4. XPS Calculation. XPS analysis has been widely
employed to analyze the electronic nature of Re on a
surface.17,57 Hence, XPS simulations were performed to
calculate the Re 4f binding energy for various rhenium species.
From the calculations, the binding energy for Re(CO)3, where
rhenium has a formal oxidation state of zero, is found to be
44.1 eV (Table 1). The feasible surface species ReH7 and
Re(OH)H6 in formal +7 state exhibit a binding energy of 43.0
and 43.6 eV. ReH5 in the +5 state and ReO3 in the +6 state

have a binding energy of 42.4 and 46.1 eV, respectively. The
analysis was expanded to include two higher-energy species
with a formal +7 oxidation state: Re(OH)2H5 and Re-
(OH)3H4. Interestingly, the calculated binding energy for
Re(OH)3H4 (44.1 eV) is equal to that of Re(CO)3. The
binding energy for Re(OH)2H5 is only 0.2 eV higher than that
of Re(CO)3.

The experimentally measured binding energies for Re(0) in
the range of 40−41 eV are lower than the calculated value for
Re(CO)3.10,17,22,24,58,59 The formation of metal nanoparticles
and clusters on the surface could lead to lower-energy values,
but these species are outside the scope of this study and, thus,
not considered. The calculated value for highly oxidized ReO3
aligns well with the experimentally observed range of 43.1−
45.5 eV. Interestingly, the computed binding energies for the
polyhydrides are lower than the experimental values for Re
species in a similar formal oxidation state. For instance, ReH7
is 2.5−3.5 eV below the experimentally determined range of
45.5−46.5 eV for Re(+7).10,17,22−25,59,60 Notably, the calcu-
lated binding energy for ReH7 in the formal oxidation state of
+7 is lower than that of ReO3 in the +6 state. This suggests
that the XPS signals of reduced polyhydride species shift to a
lower-energy region where lower formal oxidation states are
typically observed experimentally.

The computed values indicate that the binding energy is
more related to the charge on Re (Figure 6) than the formal
oxidation state (Table 1). Re with a higher positive charge
leads to a higher binding energy except for ReH5. ReH5 has a
higher positive charge than ReH7 but shows a lower binding
energy than ReH7. The overall trend is consistent with general
XPS trends that as ligands with higher electronegativity (such
as O) draw metal valence electrons strongly away from metal

Figure 5. (a) Calculated Bader charges for different surface and bulk Re species; (b) comparison of Bader charges on TiO2-d surface atoms before
and after the active species ReH7 formation. Bader charge without active species is shown in parentheses.

Table 1. Calculated Re 4f Binding Energy for Different Re
Species

active species on
TiO2-d

Re formal
oxidation state

Bader charge
on Re

Re 4f binding
energy (eV)

Re(CO)3 0 1.31 44.1
ReH5 +5 1.32 42.4
ReO3 +6 2.72 46.1
ReH7 +7 1.10 43.0
Re(OH)H6 +7 1.23 43.6
Re(OH)2H5 +7 1.58 44.3
Re(OH)3H4 +7 1.91 44.1

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c05697
ACS Catal. 2024, 14, 18488−18498

18494

https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c05697/suppl_file/cs4c05697_si_002.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05697?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05697?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05697?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c05697?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c05697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


center, effective nuclear charge increases, and thus, it increases
binding energy. This implies that the spectroscopic signature
obtained from XPS analysis is highly dependent on the ligand
environment, leading to the observation that Re with different
formal oxidation states can show similar spectroscopic
signatures depending on the ligands present. Consequently,
the spectroscopic analysis of these surface species can be
complex and challenging due to the significant influence of the
ligand environment on the binding energies.

3.5. Reactivity. Reactivity of the stable active species
toward CO2 reduction was explored further with a
representative ReH7 species. The investigated reaction steps
include CO2 adsorption on the surface, reduction of CO2
through hydride or proton transfer, and the subsequent
formation of formate or carboxyl intermediates on the TiO2
surface. CO2 can adsorb onto the TiO2 support in two

configurations: a linear arrangement, where one of the oxygens
interacts with a single Ti center on the surface, or a bent
arrangement, where both oxygen and the carbon atom of CO2
interact with surface Ti centers (Figure 7). In the linear
arrangement, the adsorption energy on the TiO2-p and TiO2-d
surface is −46 and −57 kJ/mol, respectively. On the TiO2-d
surface, adsorption of CO2 on a Ti center with an oxygen
vacancy defect is considered. The activation barriers for
hydride insertion into CO2 for ReH7 on TiO2-p and TiO2-d
are 39 and 32 kJ/mol. Such low reaction barriers demonstrate
the high reactivity of the surface species in facilitating hydride
insertion into CO2. The evaluation of reaction energy reveals
that the formation of the formate intermediate is an
exothermic process. Other stable surface-active species also
exhibit similar reactivity toward CO2 activation, as shown in
Table S4 and Figure S5 in the Supporting Information.

CO2 to form a carboxyl intermediate was also analyzed. CO2
adsorption in a bent configuration partially activates CO2 by
geometrical distortion where the C�O is elongated in the
adsorbed species (Figure 7b). This adsorption geometry is
strongly favored thermodynamically for the defected TiO2
support, while for the p-TiO2, the linear adsorption is
preferred. The strongly coordinated CO2 in the bent geometry
can be further transformed to the carboxyl intermediate via a
formal proton transfer from ReH7. The activation energy
associated with this process is 147 and 154 kJ/mol,
respectively, on TiO2-p and TiO2-d, higher than 100 kJ/mol
to that of the formate path. The carboxyl pathway is
endothermic as shown in Figure 7a, indicating that this higher
barrier pathway could coexist with the formate pathway at a
higher temperature according to Le-Chatelier’s principle. In
summary, the lowest-energy surface species identified from the
aiTD analysis are capable of activating CO2 as indicated by the
energy barriers calculated for the formate and carboxyl
pathways.

Figure 6. Change in Re 4f binding energy with Bader charge for
different surface Re species.

Figure 7. (a) Computed reaction energy (kJ/mol) profile for the activation of CO2 to formate and carboxyl intermediates by ReH7 on TiO2-p and
TiO2-d, and (b) DFT-optimized geometries of key intermediates and transition states involved in the activation of CO2, leading to the formation of
formate and carboxyl intermediates.
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4. CONCLUSIONS
This study explores the various possible single-site Re active
species formed by the hydrogenation of Re2O7 on the TiO2
surface. Through aiTD analysis, polyhydride species such as
ReH7, Re(OH)H6, ReH5, and ReH6 are identified as the stable
species formed on the surface. This indicates that the oxygen
ligands on the Re precursor are effectively exchanging with the
hydrides under a hydrogen-rich atmosphere. Even under the
highly reducing hydrogen atmosphere conditions, Re species
with low formal oxidation states are found to be highly
unstable. The aiTD results deducing multiple stable Re species
in high formal oxidation states (+5 to +7) on the support are in
line with many experimental observations. All stable surface
rhenium polyhydride species identified through aiTD analysis
are providing facile routes for activating CO2 as formate via
hydrogenation with low activation barriers. In the presence of
oxygen vacancies near the single-site Re species on defect
TiO2, CO2 preferentially adsorbs to reduced Ti sites in a bent
geometry that opens alternative activation carboxyl paths.

The electronic properties of the surface-active species are
found to be strongly dependent on the ligand environment.
The presence of hydride ligands renders the Re metal center
electron-rich. Specifically, the Bader charge on the formally +7
Re species in stable ReH7 is even lower than that on the
formally metallic Re in Re(CO)3 species. These trends in the
atomic charges are also reflected by the computed XPS
signatures, highlighting the limited applicability and utility of
the formal oxidation state formalism for the description of such
surface species. The comparable stability of multiple Re
complexes featuring different coordination states and varied
ligand environments makes the assignment of “single-site”
simplified characteristics to the observed Re surface species
very challenging. In particular, our results demonstrate the
limitations of routine interpretation of the experimental XPS
characterization data of such heterogeneous catalyst materials,
in terms of formal oxidation states and oversimplified chemical
models.
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